Although melanomas with mutant v-Raf murine sarcoma viral oncogene homolog B1 (BRAF) can now be effectively targeted, there is no molecular target for most melanomas expressing wildtype BRAF. Here, we show that the activation of Pleckstrin homology domain-interacting protein (PHIP), promotes melanoma metastasis, can be used to classify a subset of primary melanomas, and is a prognostic biomarker for melanoma. Systemic, plasmidbased shRNA targeting of Phip inhibited the metastatic progression of melanoma, whereas stable suppression of Phip in melanoma cell lines suppressed metastatic potential and prolonged the survival of tumor-bearing mice. The human PHIP gene resides on 6q14.1, and although 6q loss has been observed in melanoma, the PHIP locus was preserved in melanoma cell lines and patient samples, and its overexpression was an independent adverse predictor of survival in melanoma patients. In addition, a high proportion of PHIP-overexpressing melanomas harbored increased PHIP copy number. PHIP-overexpressing melanomas include tumors with wild-type BRAF, neuroblastoma RAS viral (v-ras) oncogene homolog, and phosphatase and tensin homolog, demonstrating PHIP activation in triple-negative melanoma. These results describe previously unreported roles for PHIP in predicting and promoting melanoma metastasis, and in the molecular classification of melanoma.
T he successful development of targeted therapy for melanomas harboring BRAF mutations has garnered significant attention, given the promising results of small molecule inhibitors of mutant BRAF (1) . However, the molecular basis underlying the metastasis of the ≈50% of all human melanomas that lack a BRAF mutation, and specific targets for the therapy of these melanomas, is unclear. As a result, "triple-negative melanoma" patients, whose tumors harbor wild-type v-Raf murine sarcoma viral oncogene homolog B1 (BRAF), neuroblastoma RAS viral (vras) oncogene homolog (NRAS), and phosphatase and tensin homolog (PTEN) (the most common mutations observed in melanoma), are not candidates for most targeted therapies developed to date.
The type I insulin-like growth factor receptor (IGF1R) signaling pathway has been recognized to play an increasingly important role in tumorigenesis (2, 3) . Binding of IGF1 or IGF2 to IGF1R results in phosphorylation of tyrosine and carboxyl-terminal serine residues that form binding sites for the insulin-receptor substrate (IRS) docking proteins. IRS activation results in PI3K recruitment and AKT activation (4) . Efficient docking of IRS proteins is mediated via their pleckstrin homology domain. Pleckstrin homology domain-interacting protein (PHIP), initially identified through interactions with the pleckstrin homology domain of IRS proteins, has been shown to mediate transcriptional responses in pancreatic islet cells (5) , and is important for postnatal growth (6) . Previously, we identified PHIP as the gene most highly overexpressed in metastatic melanomas, compared with primary tumors by cDNA microarray analysis (7) . Although PHIP plays a role in IGF signaling, its involvement in cancer has not been reported.
Results
To assess the potential role of PHIP in melanoma progression, we examined the anti-tumor activity produced by shRNAs targeting different regions of murine Phip mRNA. Systemic, cationic liposome:DNA complex (CLDC)-mediated delivery of these constructs identified shRNA723 as the most effective shRNA (Fig. S1A ). Transient transfection of siRNA723 oligonucleotides resulted in 80% reduction in Phip expression by quantitative RT-PCR (qRT-PCR) (Fig. 1A) . Transient transfection of a plasmid encoding shRNA723 into B16-F10 melanoma cells significantly reduced their invasion into matrigel, compared with both vector control and a control shRNA targeting firefly luciferase (luc) (P < 0.05; Fig. 1B ). Furthermore, two intravenous, CLDC-based injections of shRNA723 into C57BL/6 mice bearing metastatic B16-F10 melanoma significantly reduced metastatic tumor counts compared with the antiluc shRNA control (P < 0.05; Fig. 1C ).
We then developed B16-F10 transformants stably expressing shRNA723. Pooled shRNA-expressing B16-F10 clones exhibited significantly reduced Phip expression ( Fig. 2 A and B) compared with pooled control clones expressing anti-luc shRNA. B16-F10 clones expressing shRNA723 exhibited significantly reduced invasion into matrigel (P < 0.05; Fig. 2C ), and i.v. inoculation of shRNA723-expressing B16-F10 cells significantly prolonged the survival of tumor-bearing C57BL/6 mice compared with anti-luc shRNA-expressing clones (P < 0.001; Fig. 2D ). These studies demonstrate a direct relationship between the level of Phip expression and the metastatic potential of melanoma. Similar inhibition of Phip expression, and reduction of the invasion and metastasis of B16-F10 melanoma, were demonstrated when shRNA723-expressing cells were compared with B16-F10 cells To whom correspondence should be addressed. E-mail: kashani@cpmcri.org. stably expressing a mutant, inactivated shRNA723 (mshRNA723) (Fig. S1 B-D) .
Given the important role of Akt in the IGF axis (4), we then assessed whether Phip was involved in Akt activation. shRNA723-expressing clones showed reduced levels of phosphorylated Akt (Ser473), with no difference in total Akt levels (Fig. 2E ). This down-regulation was accompanied by decreased phosphorylation of three proteins downstream of Akt (Gsk3, S6, and Pras40; Fig. 2E ).
Because of the uncharacterized role of PHIP in cancer, we performed cDNA microarray analysis to identify the global patterns of gene expression after suppression of Phip expression. Significance analysis of microarrays identified 51 down-regulated genes (including Igf2 and Tln1) and 184 overexpressed genes (including Phf17) in shRNA723-expressing cells (Fig. 3 A and B) . The differential expression of these three genes was confirmed by qRT-PCR (Fig. 3C) . Thus, PHIP can regulate the expression of upstream mediators of the IGF axis and downstream mediators of tumor cell invasion (8) .
Having demonstrated Phip's functional role in promoting murine melanoma metastasis, we examined its impact on human melanoma progression. We performed immunohistochemical analysis of PHIP expression on a tissue microarray cohort of 345 patients with primary cutaneous melanoma (9) and scored the specimens for intensity of PHIP immunostaining on a 0-3 scale (Fig. S2 A-D) . High levels of PHIP expression were found in each histological subtype of melanoma and accounted for almost one-third of the melanomas in this cohort (112/345, or 32.5%). High PHIP expression correlated significantly with the presence of ulceration (P = 0.005, logistic regression), an adverse prognostic factor incorporated into the staging classification for melanoma (10) whose biologic basis is poorly understood. By Kaplan-Meier analysis, PHIP overexpression was significantly predictive of reduced distant metastasis-free survival (DMFS, P = 0.01; Fig. S2E ) and disease-specific survival (DSS, P = 0.002, Fig. 4A ). By multivariate Cox regression analysis, PHIP overexpression was an independent predictor of DMFS (Table  S1 ) and DSS (Table S2) . Thus, PHIP overexpression directly correlated with the progression of distant metastases, and with reduced survival, in both murine and human melanoma.
The human PHIP gene resides on the 6q14.1 locus. Deletions of the 6q arm have been shown in melanoma (11) and have been suggested as a possible diagnostic marker (12) . Therefore, we assessed PHIP copy number, in combination with probes representing the centromere of chromosome 6, using interphase fluorescence in situ hybridization (FISH) in 78 primary melanomas from the TMA cohort on which PHIP immunohistochemical scores were available (Fig. 4 B and C and Table S3 ). FISH analysis revealed that the PHIP locus was still present in all 78 melanomas examined. Importantly, there was a significant correlation between PHIP copy number (assessed as a percentage of cells with three or more copies) and the corresponding PHIP immunohistochemical scores ( Fig. 4C ; P < 0.001). Melanomas with immunohistochemical scores of 1-3 had a significantly higher percentage of cells with increased copy number compared with melanomas with a PHIP score of 0 (P < 0.002). In addition, 80.6% of PHIP 3 melanomas had three or more copies of the PHIP locus. Although we found no evidence of amplification, because PHIP copy number remains comparable with chromosome 6 centromeric copy number (Table S3) , increased copy number of the PHIP locus (and its significant correlation with immunopositivity for the PHIP protein) further supports its role as a melanoma progression gene.
Next, based on PHIP's activation of AKT, we characterized which molecular subtypes of melanomas overexpress PHIP. AKT activation in melanoma is thought to occur primarily because of either NRAS mutation or BRAF mutation coupled with PTEN loss (13, 14) . We hypothesized that if PHIP overexpression is sufficient for AKT activation, then PHIP-overexpressing tumors may not commonly harbor other mutations known to activate AKT. We analyzed 39 primary and metastatic melanomas with high levels of PHIP expression for NRAS and BRAF mutations, and for PTEN allelic copy number. Fifty-six percent of the cases analyzed harbored wild-type NRAS, BRAF, and PTEN, whereas 26% harbored either mutant BRAF or PTEN. Only 18% were found to harbor either NRAS mutation or BRAF mutation together with PTEN copy number loss. Thus, PHIP-overexpressing melanomas were predominately characterized either by a triple-negative genotype or by mutant BRAF with wild-type NRAS and PTEN. Recently, β-catenin mutations have been shown to promote the progression of melanomas harboring BRAF and PTEN mutations (15) . We therefore analyzed 10 high PHIP-expressing triple-negative melanomas for β-catenin mutations at six different sites (previously described in melanoma; COSMIC database) and found no mutations at any of these sites. These results show that PHIP levels can be activated in a unique molecular subset of melanoma independent of mutations in these other four genes.
We then assessed PHIP levels in a panel of human melanoma cell lines. The C8161.9 and LOX cell lines expressed higher levels of PHIP compared with D05 and 1205Lu cells (Fig. 4D) . FISH analysis of the PHIP locus (along with probes representing the centromere of chromosome 6) revealed again not only that this gene is not lost, but that C8161.9 and LOX cells had increased copies of PHIP, compared with the two low-expressing cell lines (Fig. 4E) . C8161.9 cells were selected for further analysis, because they exhibit a triple-negative genotype. Stable expression of an anti-human PHIP shRNA127738 (distinct from shRNA723) reduced PHIP protein levels ( Fig. 5 A and B and Fig. S3A) , with consequently reduced TLN1 (Fig. 5A and Fig. S3B ) and phosphorylated AKT levels (Fig. 5C ), and suppressed invasive (Fig.  5D ) and metastatic potential (Fig. 5E) , without any significant effects on s.c. tumor growth (Fig. S3C) . Thus, stable suppression of PHIP in human melanoma cells suppressed the invasive and metastatic phenotypes observed in the murine model.
We then determined whether the genes and pathways affected after targeted suppression of PHIP are involved in mediating its effects on human melanoma invasion. Overexpression of human TLN1 into C8161.9 cells stably expressing anti-PHIP shRNA ( Fig.  S3 D and E) resulted in significantly increased invasion into matrigel (Fig. 5F ). In addition, transfection of a plasmid encoding AKT2, an AKT isoform implicated in tumor invasion and metastasis (16, 17) , in C8161.9 cells stably expressing anti-PHIP shRNA, significantly increased their invasive capacity (Fig. 5G) . Thus, the proinvasive role of PHIP is mediated, at least in part, by activating TLN1 and AKT.
Finally, we examined the impact of regulation of PHIP expression in the remaining cell lines in our panel. Overexpression of shRNA127738 into LOX cells resulted in significantly reduced invasion into matrigel (Fig. 4F) . By contrast, overexpression of the human PHIP cDNA (Fig. S3F ) resulted in significantly increased invasiveness of 1205Lu and D05 cells (Fig. 4 G and H) .
Discussion
These results assign previously unreported tumor-promoting function to PHIP. Although PHIP has been shown to transduce signals downstream of IGF1R, its role in cancer has not been demonstrated. Here, we show that PHIP overexpression is both a marker that predicts and a mediator that promotes distant metastasis, the lethal event in melanoma progression. PHIP overexpression was an independent predictor of the development of both distant metastasis and death in human melanoma patients. These prognostic analyses confirm the direct relationship observed between PHIP overexpression and reduced survival in tumor-bearing mice. In addition, a large proportion of melanomas expressing high levels of PHIP harbored increased PHIP copy number. These results establish PHIP's role both as a tumor progression marker and as a molecular mediator selected for during melanoma tumorigenesis.
Our results indicate that PHIP drives progression of melanoma in significant part through its regulation of pathways mediating tumor invasion. This observation is supported by recent studies demonstrating similar effects on tumor cell invasion and metastasis by using an anti-IGF1R antibody (18) . In addition, microarray analysis revealed down-regulation of Tln1 in melanoma cells with reduced Phip expression. TLN1, which is involved in the assembly of actin filaments, has been shown to mediate tumor invasion and metastasis through AKT-dependent effects (8) . in which PHIP directs a coordinated program of melanoma cell invasion through the activation of TLN1 and AKT. In addition, gene expression profiles of the NCI60 panel of cancer cell lines showed high levels of PHIP expression in melanoma and other solid tumors, including breast cancer and nonsmall cell lung cancer (22) . Thus, PHIP may represent a rational therapeutic target against a range of different, lethal solid tumor types. The significant prolongation of survival produced by shRNA-mediated suppression of PHIP in tumor-bearing mice establishes the therapeutic relevance of PHIP targeting preclinically. However, additional studies will be required to assess how powerful a therapeutic approach PHIP inhibition is in the therapy of melanoma metastasis.
In the era of targeted therapy, solid tumors are characterized by overexpression or mutation of genes that play important roles in tumor progression. A high proportion of melanomas are characterized by BRAF, NRAS, or PTEN mutations. However, the molecular basis of triple-negative melanomas lacking these mutations is poorly characterized. Our results suggest that PHIP levels may be used to classify some melanomas that lack these three mutations. It is likely that additional molecular aberrations will be identified to further characterize triple-negative melanomas. Along with recent studies demonstrating that the IGF axis is activated in melanomas with acquired resistance to BRAF inhibition (23) , these studies have identified IGF signaling as an important alternative pathway to promote melanoma progression. Overall, our studies identify PHIP as a molecular mediator of melanoma progression that also appears to function in the setting of a subset of triple-negative melanomas.
Materials and Methods
Additional technical details are provided in SI Materials and Methods. Invasion Assay. The Matrigel assay for tumor invasion was performed as described (25) . For the B16-F10 and LOX cells, insert chambers were coated with 15 μL of matrigel at 6 mg/mL protein; 17 μL and 7 mg/mL for C8161.9 cells; 15 μL and 5 mg/mL for 1205Lu; and 15 μL and 4 mg/mL for D05 cells.
Tissue Arrays and Immunostaining. All biomarker analyses conducted herein on human specimens were approved by the Institutional Review Board. Tissue microarrays were created as described by using core diameters of 1.0 mm taken from the paraffin blocks (26, 27) . Slides were prepared from formalinfixed tissue microarrays and stained with anti-human PHIP monoclonal antibody at a 1:100 dilution (Abnova). Microwave antigen retrieval was conducted in 10 mM citrate buffer at pH 6.0. Endogenous peroxidase was blocked with 3% H 2 O 2 , and additional blocking was performed with normal rabbit serum. The primary antibody was diluted in 1.0% BSA in PBS and applied overnight at 4°C. Antibody staining was observed by using biotinlabeled anti-goat IgG and avidin-biotin (Vector Laboratories) followed by diaminobenzidine. Sections were counterstained with hematoxylin.
Evaluation of Immunohistochemical Staining. The regions of most uniform staining were scored for each specimen, and the expression of PHIP protein was graded on cellular intensity by using the following scale: no staining (0), weak staining (1), moderate staining (2), and intense staining (3). The tissue microarrays and positive and negative control sections were scored by the study dermatopathologist (R.W.S.) twice, and a third consensus score was determined for any discrepant scoring. Statistical methods used to assess the significance of various prognostic factors on melanoma outcome were described (9) . In all of the analyses shown, the cutpoint used for PHIP expression included cases with the highest PHIP expression levels (score of 3) versus all other cases (score of 0-2).
Western Blotting. B16-F10 and C8161.9 stable transformants were starved for 4 h in RPMI medium 1640 or DMEM/Ham's F-12 (at 1:1) medium only, respectively, and stimulated with 5 μg/mL insulin for 5 min before protein extraction was carried out from adherent cells according to the manufacturer's protocol (Santa Cruz Biotechnology). Fifty micrograms of protein was electrophoresed in 10% Tris·HCl denaturing gels (Bio-Rad) and transferred onto nitrocellulose membranes (Bio-Rad). Membranes were first incubated overnight at 4°C with each antibody and then with their respective horseradish peroxidase-labeled secondary antibodies for 1 h at room temperature: goat anti-mouse HRP (no. 12-349 at 1:1,000 dilution; Millipore) and bovine anti-rabbit HRP (no. sc-2370 at 1:1,000 dilution; Santa Cruz Biotechnology). Binding was detected by using luminol reagent (Santa Cruz Biotechnology). For PHIP protein detection in C8161.9 and B16-F10 clones, 50 μg of protein was electrophoresed in 5% Tris·HCl denaturing gels (Bio-Rad) and membranes were first incubated overnight at 4°C with the anti-human PHIP monoclonal antibody (1:100 dilution; Abnova). The anti-mouse HRP (no. 12-349 at 1:1,000 dilution; Millipore) was incubated for 1 h at room temperature as a secondary antibody.
Gene Expression Profiling. cDNA microarray analysis was performed as described (7).
Genotyping. Genomic DNA was extracted from formalin-fixed paraffin-embedded (FFPE) tissues. Briefly, FFPE tissues were scraped from 10 slides (5 μm) and deparaffinized with xylene followed by a wash with 100% ethanol. Then, DNA was extracted by using the QIAmp DNA kit (Qiagen).
The genomic sequence of PTEN (GenBank accession no. NM_000314) was used to design a set of primers and probe specific to the PTEN gene exon 5 (Primer Express software version 1.0; Applied Biosystems). The primers and probe for RNase P used as an endogenous control gene were obtained from Applied Biosystems. The RNase P probe was labeled at 5′ end with VIC (Applied Biosystems) instead of FAM. PTEN copy number was determined by relative quantification using the ΔΔCt method normalized to the RNase P copy number of 2 20 . To analyze the results from the copy number experiment, we used the TaqMan Gene Copy Number Assays Macro File (Applied Biosystems). The presence of NRAS Q61R or BRAF V600E mutations was confirmed by sequencing after performing a PCR amplification with the primer sets targeting each codon. The amplification of genomic DNA was conducted at 95°C for 5 min and 10 cycles of 95°C for 30 s, 65°C for 90 s, 72°C for 90 s followed by 32 cycles of 95°C for 30 s, 57°C for 60 s, and 72°C for 60 s.
FISH and Microscopy. BAC clones RP11-767O1, RP11-484L10, RP11-217L13, and CTD-2297E14 were used to detect the PHIP locus and clones RP11-26M18 and RP11-136K2 were used to detect 6q11.1 and 6p11.1, respectively (February 2009 freeze of the University of California, Santa Cruz Genome Browser, http://genome.ucsc.edu). All clones were obtained from the Children's Hospital of Oakland Research Institute (CHORI). BAC DNAs were prepared with the Large-Construct kit (Qiagen) and labeled by nick translation with Alexa Fluor 488 and 594 dUTPs (Molecular Probes) as described (28) . The quality and mapping of all probes were verified by hybridization to normal metaphase spreads in combination with a commercially available centromeric probe for Hybridization on cell lines and tissue microarrays was performed as described (28, 29) . Images were taken with a Zeiss Axio Imager Z2 controlled by Axiovision software.
Analysis of FISH Results. The FISH signals were assessed and counted manually from images with several Z stack layers acquired by using Zeiss Axio Image Z2 microscope controlled by AxioVision software. A minimum of 20 nuclei from each case and cell line were evaluated, and the signals were interpreted according to guidelines described (30) and were recorded as 1 through 5 signals or greater. FISH signals from BAC clones for 6q11.1 and 6p11.1 were interpreted as the centromeric signal, and a ratio was calculated by dividing the number of PHIP signals by the number of centromeric signals for each cell and reported as mean and SD for each case. The FISH signals for the PHIP locus in melanomas with an immunohistochemical score of 0 for PHIP were used to determine a cutoff value (mean + 2× SD) for percent cells with three or more signals (18.5%, interpreted as 20%). This cutoff was then uniformly applied in all statistical analyses.
Immunofluorescence. Quantification of PHIP and TLN1 expression using immunofluorescence was performed on cells cultured on coverslips as described (31) . The anti-PHIP (1:250 dilution) and anti-TLN1 (no. ab71333 at 1:500 dilution; Abcam) antibodies were detected by using secondary antibodies labeled with Alexa Fluor 594 or Alexa Fluor 488, respectively (both at 1:1,000 dilution; Molecular Probes). Images were taken at fixed exposures with a Zeiss Axio Image Z2 microscope, and the fluorescence intensities of individual cells were quantified by using ImageJ software. The mean pixel intensities were used for statistical analysis using Microsoft Excel and Data Desk.
Animal Studies. All animal care was in accordance with institutional guidelines and a protocol that was approved by the University of California San Francisco Committee on Animal Research. Groups of 45-d-old female C57BL/6 (Charles River) were inoculated by tail vein injection with 30,000 B16-F10 cells. In the therapeutic study, two i.v. injections of cationic liposome DNA complexes (CLDCs) containing plasmid DNA expressing various shRNA constructs were performed at days 3 and 10 after tumor cell inoculation as described (27) . Groups of 10 45-d-old female nude mice (Charles River) were injected i.v. with 100,000 C8161.9pLKO1 stably transfected cells. The number of metastatic lung tumors was counted.
Statistical Methods. All quantified data represents an average of at least triplicate samples or as indicated. Error bars represent standard error of the mean. Statistical significance was determined by the Student t test, MannWhitney test, or Kolmogorov-Smirnov test, and P values <0.05 were considered significant. The correlation between PHIP copy number and immunohistochemical score was tested by regression analysis using Data Desk software.
